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Biofilms colonizing surfaces inside drinking water distribution networks may provide a habitat and shelter
to pathogenic viruses and parasites. If released from biofilms, these pathogens may disseminate in the water
distribution system and cause waterborne diseases. Our study aimed to investigate the interactions of proto-
zoan parasites (Cryptosporidium parvum and Giardia lamblia [oo]cysts) and viruses (vaccinal poliovirus type 1,
�X174, and MS2) with two contrasting biofilms. First, attachment, persistence, and detachment of the
protozoan parasites and the viruses were assessed with a drinking water biofilm. This biofilm was allowed to
develop inside a rotating annular reactor fed with tap water for 7 months prior to the inoculation. Our results
show that viable parasites and infectious viruses attached to the drinking water biofilm within 1 h and
persisted within the biofilm. Indeed, infectious viruses were detected in the drinking water biofilm up to 6 days
after the inoculation, while viral genome and viable parasites were still detected at day 34, corresponding to the
last day of the monitoring period. Since viral genome was detected much longer than infectious particles, our
results raise the question of the significance of detecting viral genomes in biofilms. A transfer of viable
parasites and viruses from the biofilm to the water phase was observed after the flow velocity was increased but
also with a constant laminar flow rate. Similar results regarding parasite and virus attachment and detach-
ment were obtained using a treated wastewater biofilm, suggesting that our observations might be extrapolated
to a wide range of environmental biofilms and confirming that biofilms can be considered a potential secondary
source of contamination.

Human enteric viruses and protozoan parasites, such as
Cryptosporidium parvum and Giardia lamblia, are known to
persist outside their host for a long period of time, and epide-
miological studies have shown their ability to cause waterborne
outbreaks (17, 25, 36, 38). However, in many cases, the origin
and/or the pathogen routes remain undetermined. It has been
hypothesized that biofilms may play a role in the accumulation,
protection, and dissemination of pathogens through drinking
water distribution networks (13, 35, 48). On the one hand, it
has been shown that both viruses and protozoan parasites can
attach to biofilms (24, 39, 42, 52), and on the other hand,
detachment of pieces of biofilm by shearing forces of the mov-
ing water has been observed (5, 7, 8, 10, 46, 49). However, a
public health risk exists only if biofilm detachment leads to the
release of entrapped pathogens that are still infectious. Al-
though many studies on the interactions between drinking wa-
ter biofilms and pathogenic bacteria have been carried out (3,
6, 9, 12, 37, 53), little is known about the specific interactions
of viruses with drinking water biofilms. In a review, Skraber et
al. (42) highlighted the lack of quantitative data that precludes

concluding whether drinking water biofilms play a significant
role or not in the fate of viruses. Since this review, Lehtola et
al. (27) have reported the high level of persistence of the feline
calicivirus genome in a drinking water biofilm. However, the
infectivity was not assessed, which precludes conclusions on
the persistence of infectious viruses within a drinking water
biofilm. Regarding the specific interactions of Cryptosporidium
parvum with drinking water biofilms, few studies have been
published. In a lab-scale experiment, Keevil (24) reported the
attachment and persistence of high concentrations of Crypto-
sporidium parvum within a 16-day-old drinking water biofilm
24 h after the inoculation. More recently, Warnecke (52) high-
lighted the possible role of biofilms in Cryptosporidium dissem-
ination through drinking water networks, but it has to be un-
derlined that the attachment of the parasites was not
confirmed by direct examination of the biofilm. Based on this
work, Angles et al. (2) proposed to take Cryptosporidium in-
teractions with drinking water biofilm into account for risk
assessment. In contrast, no publications could be found on the
interactions of Giardia lamblia with drinking water biofilms.

Since pathogen-biofilm interactions are difficult to study in
situ (e.g., in the water distribution system), pilot-scale experi-
ments represent an alternative. Different pilots are available
for studying pathogen-biofilm interactions, including the rotat-
ing annular reactor (RAR). The RAR is a system designed to
provide coupon surfaces on which biofilm grows under fluid
hydrodynamic conditions representative of water distribution
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pipelines. This reactor type has been successfully used to study
various aspects of biofilms, including structural developments
(32, 54), metabolism in biofilms (26), effect of biocides (31, 44),
degradation of contaminants (1), and biofilm detachment (7).

The aim of our work was to assess the interactions of two
parasites (Cryptosporidium parvum oocysts and Giardia lamblia
cysts) and three viruses (vaccinal poliovirus type 1, �X174 [a
somatic coliphage], and MS2 [an F-specific coliphage]) with
two contrasting biofilms: a drinking water biofilm and a waste-
water biofilm. These biofilms, exhibiting diverse bacterial com-
munities, might better represent environmental biofilms than
monoculture biofilms. The use of both drinking water and
wastewater biofilms in our study aimed to assess to what extent
attachment and detachment processes are biofilm dependent.
Virus and parasite attachment rates were assessed under a
laminar regimen, while detachment rates were examined after
changing the flow velocity from laminar to turbulent. In addi-
tion, during the drinking water experiment, the persistence of
infectious viruses and viable parasites as well as their transfer
from the biofilm to the water phase under a laminar regimen
were assessed during a 34-day monitoring period.

MATERIALS AND METHODS

Virus and parasites. A stock suspension of vaccinal poliovirus type 1 Sabin
(Lsc 2ab) was prepared by inoculating a monolayer of BGM cells. After 24 h of
virus multiplication, the cells were frozen and thawed three times and centri-
fuged at 6,000 � g for 30 min, and the supernatant was filtered through a
0.22-�m polycarbonate membrane. The concentration of the viral stock was
about 8.1 log most probable number of cytopathogenic units (MPNCU) � ml�1.
The filtered supernatant was divided into aliquots and kept at �80°C until the
spiking day.

Stock suspensions of the somatic coliphage �X174 and the F-specific coli-
phage MS2 were prepared by inoculating Escherichia coli strain WG5 and Sal-
monella enterica serovar Typhimurium strain WG49, respectively, at 108

CFU � ml�1. After 18 h of virus multiplication, the suspension was centrifuged
(6,000 � g for 30 min) and the supernatant was filtered through a 0.22-�m
polycarbonate membrane. The concentrations of the viral stocks were about 9.2
and 9.7 log PFU � ml�1 for �X174 and MS2, respectively. The filtered superna-
tant was divided into aliquots and kept at �80°C until the spiking day.

The Giardia lamblia and Cryptosporidium parvum (oo)cyst suspensions were
supplied by Waterborne, Inc. (New Orleans, LA) at a concentration of 6.1 log
(oo)cysts � ml�1 and kept at 4°C until the spiking day.

RAR. The RAR used for this experiment was the 1320 LJ (BioSurface Tech-
nologies Corp., Bozeman, MT). With a capacity of 1 liter, the RAR consists of
an outer glass cylinder that encompasses an inner rotating drum comprising 20
removable polycarbonate coupons which support biofilm growth. Each coupon
exhibits a colonizing surface of 18.75 cm2. A variable-speed motor located above
the reactor controls the rotation of the drum, which in turn controls the shear
stress on the coupon. An outer glass cylinder allows maintenance of the reactor
at a constant temperature using a cooling water bath (Lauda, Koningshoven,
Germany). Sanitization of the reactor was done before each experiment by
washing and autoclaving the reactor. The polycarbonate coupons were addition-
ally disinfected with ethanol before insertion into the reactor.

Drinking water biofilm experiment. A drinking water biofilm was allowed to
develop on coupons in an RAR fed with drinking water for 7 months in order to
share bacterial communities similar to those on biofilms that naturally develop
within water distribution networks. Briefly, the reactor was fed with tap water in
an open circuit with a flow rate of 100 ml � min�1, and the overflow was dis-
carded to the sewer. The biofilm was allowed to develop for 218 days under a
rotational speed of 30 rpm, which results in a laminar regimen in the RAR (the
corresponding Reynolds number is 217 based on Brennen’s calculation [4]). This
rotational speed of 30 rpm corresponds to a flow of approximately 0.1 m � s�1 in
a 100-mm-diameter pipe (B. Warwood, personal communication).

A total drinking water volume of approximately 31.4 m3 passed through the
reactor prior to the addition of parasites and viruses. The reactor was kept in the
dark in order to limit the growth of phototrophic organisms. During the biofilm
development process, the temperature of the reactor was not regulated in order
to have the same temperature variations as in the distribution system. Tap water
characteristics (obtained using a Hydrolab probe Datasonde 4A instrument;
Hach Company, Loveland, CO) are described in Table 1. The chlorine concen-
tration, measured twice a day using N-N-diethyl-p-phenylenediamine (Hach),
never exceeded 0.02 mg � liter�1, which corresponds to the detection limit of the
method (U.S. Environmental Protection Agency [EPA] method 330.5). Two
hundred eighteen days (7 months) after the beginning of the experiment, a
complex biofilm developed on the coupons inside the reactor as observed using
scanning electron microscopy (data not shown). At day 218 (day 0 of the exper-
iment), the water inflow was stopped. The temperature inside the RAR was
stabilized at 10°C in order to avoid the possible effects of temperature variations
on the attachment/detachment phenomenon, and the reactor was spiked with
viruses (�X174, MS2, and poliovirus). The following day (day 1), the reactor was
spiked with parasites (Giardia lamblia cysts and Cryptosporidium parvum oocysts)
at the concentrations described in Table 2. A tap water control, kept at 10°C
under a constant magnetic stirring (30 rpm), was inoculated in the same way in
order to assess the evolution of parasite viability and the inactivation of the
viruses in the absence of biofilm. One hour after spiking, viruses and parasites
were quantified in the biofilms and in the water phase of the reactor, as well as
in the water control. The same analyses were performed 24 h (for viruses and
parasites) and 48 h (for viruses) after spiking.

In order to assess the possible transfer of viruses and parasites from the biofilm
to the water phase, the RAR was drained once a week in order to eliminate
unadsorbed particles. Briefly, 50 liters of tap water was introduced inside the
reactor (from the bottom) at a low flow rate (100 ml � min�1, corresponding to
a resident time of 10 min) in order to limit surface tension forces that could have
affected cell attachment/detachment. Each draining operation lasted 8 h, and the
overflow was collected in a 50-liter carboy. The total volume of collected water
containing unadsorbed or detached particles was further filtered on an Enviro-
check HV cartridge (Pall Gelman, Ann Arbor, MI) for parasite quantification,
giving the amount of parasites present in the reactor prior to the draining
operation. During the 8 h of the draining operation, the RAR was maintained at
10°C under a laminar flow rate (30 rpm) in the dark. Biofilms were analyzed once
a week, before each draining operation. In total, six draining operations were
performed, at days 3, 7, 14, 21, 28, and 35. At day 42, a turbulent regimen (380
rpm) was applied for 1 min inside the reactor in order to assess the detachment
of remaining particles from the biofilm to the water phase. A rotational speed of
380 rpm inside the RAR corresponds to a turbulent regimen in the RAR (the
corresponding Reynolds number is 2,752, based on Brennen’s calculation [4]).
This rotational speed of 380 rpm corresponds to a flow of approximately 0.9
m � s�1 in a 100-mm-diameter pipe (B. Warwood, personal communication).

TABLE 1. Tap water characteristics measured for a period of
6 days before virus spikinga

Value
type

Temperature
(°C) pH Conductivity

(�S � cm�1) DO (%) DO
(mg � liter�1)

Avg 15.2 7.67 385 96.8 9.83
SD 2.7 0.05 18 3.3 0.54
Min 10.6 7.52 345 86.3 9.02
Max 19.4 7.76 420 144.6 13.40

a One measurement was taken per half-hour (n � 281). DO, dissolved oxygen;
min, minimum; max, maximum.

TABLE 2. Quantities of parasites and viruses spiked inside
the RARa

Expt

Quantity of organism (units)

Infectious
vaccinal

poliovirus type 1
(log MPNCU)

�X174
(log PFU)

MS2
(log PFU)

G. lamblia
cysts

(log units)

C. parvum
oocysts

(log units)

Wastewater 6.57 NAb NA 6.02 6.03
Drinking

water
5.04 5.58 6.11 5.84 6.00

a Total reactor volume is 1 liter.
b NA, not applicable, as �X174 and MS2 were not inoculated into the RAR

during the wastewater experiment.

2080 HELMI ET AL. APPL. ENVIRON. MICROBIOL.



After the turbulent regimen, the total volume of the RAR (1 liter) was centri-
fuged at 1,250 � g for 15 min. One hundred forty milliliters of the supernatant
was concentrated using a Centricon filter (Millipore, Billerica, MA) and analyzed
for the presence of viruses. The pellet was eluted with 1% pasta beef extract
(Difco, Sparks, MD)–0.4% glycine (Bio-Rad, Richmond, CA) at a pH of 9.5 and
centrifuged at 1,250 � g for 15 min. The eluate was analyzed for the presence of
viruses, whereas the pellet was further analyzed for the presence of parasites.

Wastewater biofilm experiment. The RAR was fed with 25 liters of biologically
treated wastewater with a flow rate of 100 ml � min�1 for 14 days in a closed
circuit while the regimen inside the reactor was set to laminar (30 rpm) and the
temperature was set to 4°C in order to limit bacterial inactivation. The RAR was
maintained at 4°C during the whole experiment. Two hundred fifty milligrams of
glucose was added to the wastewater as a source of carbon for the bacteria in
order to keep them metabolically active. Fourteen days after the beginning of the
experiment, a biofilm had developed on the coupons inside the reactor. The
colonization of the coupons was observed using a scanning electron microscope,
as for the drinking water biofilm experiment (data not shown). Then, the RAR
was rinsed with phosphate-buffered saline (PBS) (pH 7.4) (Sigma, St. Louis,
MO), filled with PBS, and kept at a constant laminar flow rate. The reactor was
spiked with poliovirus and parasites (Giardia lamblia cysts and Cryptosporidium
parvum oocysts) stock suspensions with the quantities described in Table 2.
Bacteria, viruses, and parasites were quantified in duplicate in the biofilms and
in the water phase of the reactor 1, 24, and 48 h after the reactor was spiked. In
order to assess the detachment of particles when the flow velocity inside the
reactor was increasing, samples were taken in triplicate at day 2 before and after
applying a turbulent regimen (380 rpm for 1 min).

Biofilm and water sampling. The biofilm was scraped from the 18.75-cm2

polycarbonate coupon using a cell scraper (Sarstedt, Germany) and resuspended
in 5 ml (in the case of the drinking water biofilm) or 10 ml (in the case of the
wastewater biofilm) of eluate (1% pasta beef extract [Difco, Sparks, MD]–0.4%
glycine [Bio-Rad, Richmond, CA] at pH 9.5). The resulting biofilm suspension
was vortexed at 2,600 rpm for 2 min. For the experiment with drinking water
biofilm, the total volume of eluate (5 ml) was centrifuged at 1,250 � g for 15 min.
Giardia lamblia and Cryptosporidium parvum (oo)cysts were quantified in the
pellet, while the supernatant was processed for virus detection after the pH was
neutralized with 1 M HCl. In the case of the wastewater biofilm, 2 ml was
analyzed for total and culturable bacteria and 5 ml was processed for parasite
detection. The remaining 3 ml was centrifuged at 3,000 � g for 5 min, and the pH
of the supernatant was neutralized with 1 M HCl before it was frozen and saved
for poliovirus detection. The water phase of the reactor was analyzed directly,
but during the drinking water experiment, 70 ml of water was additionally
concentrated into 350 �l using a 100-kDa-cutoff Centricon centrifugal filter for
virus quantification, and the total volume after draining (50 liters) was concen-
trated into 10 ml using an Envirocheck HV cartridge (Pall Gelman, Ann Arbor,
MI) for parasite quantification.

Quantification of parasites, viruses, and bacteria. (i) Quantification and vi-
ability assessment of Giardia lamblia and Cryptosporidium parvum (oo)cysts. In
biofilm eluates or water samples, parasite quantification was carried out by
epifluorescence microscopic observation (DMRB; Leica, Mannheim, Germany)
according to EPA method 1623 (50) using a fluorescein-labeled double mono-
clonal antibody solution for the simultaneous detection of Giardia lamblia cysts
and Cryptosporidium parvum oocysts and 4�,6�-diamidino-2-phenylindole (DAPI)
staining (Waterborne, Inc., New Orleans, LA). In the case of the wastewater
experiment, the biofilm eluate and 10 ml of the water phase (PBS) were analyzed
after immunomagnetic separation (Dynabeads; Invitrogen, Oslo, Norway), and
the concentrate obtained (100 �l) was deposited on a well slide for microscopic
observation. In the case of the drinking water experiment, the pellet of the
eluate, resuspended in 1 ml of PBS, was recentrifuged at 1,250 � g for 5 min. The
supernatant was discarded and the pellet resuspended in 200 �l of PBS, and 100
�l was deposited on a well slide for microscopic observation. In addition, viability
assessment was carried out using a 0.1-mg � ml�1 propidium iodide solution
(Invitrogen-Molecular Probes, Eugene, OR). For the water phase, 10 ml or the
total volume of the eluate after concentration of the 50 liters after the draining
operation on an Envirochek cartridge (Pall Gelman, Ann Arbor, MI) was cen-
trifuged at 1,250 � g for 15 min or 30 min, respectively. The supernatant was
discarded and the pellet resuspended in 200 �l of PBS, and 100 �l was used for
microscopic observation. For the water phase, the theoretical limits of parasite
detection assuming 100% recovery were 2.0 log units � liter�1 when analyzing 10
ml directly and 0.0 log units � liter�1 when analyzing the totality of the reactor
volume after each draining. For biofilm analysis, the limit of detection was �0.97
log units � cm�2.

(ii) Quantification of bacteriophages �X174 and MS2. Infectious �X174 and
MS2 were quantified in the drinking water biofilm eluate and in the water phase

using the bacterial host strains Escherichia coli WG5 and Salmonella enterica
serovar Typhimurium WG49, respectively, according to the standardized meth-
ods described in ISO/FDIS 10705-2 (22) and ISO/FDIS 10705-1 (21), respec-
tively. Concerning the water phase, the theoretical limits of phage detection,
assuming 100% recovery, were 2.3 log PFU � liter�1 when analyzing 5 ml directly
and 1.7 log PFU � liter�1 when analyzing 100 �l from the 350-�l concentrate. For
biofilm analysis, the limit of detection was �0.5 log PFU � cm�2.

(iii) Quantification of infectious poliovirus by cell culture. Ten milliliters of
water samples and a 1-ml aliquot of the biofilm eluate were treated with 10%
antibiotic and antimycotic solution (Sigma, St. Louis, MO) for 2 h at 37°C.
Samples were then log diluted in Ca2�- and Mg2�- free Dulbecco’s phosphate-
buffered saline (Gibco, Grand Island, NY). Quantification of infectious poliovi-
rus type 1 was performed in 96-well microplates using BGM cells. Fifty micro-
liters of three successive log-diluted suspensions for each analyzed sample was
added to 200 �l of 7.5 � 104 cells � ml�1 in minimum essential medium solution
(Gibco, Paisley, United Kingdom) supplemented with 2% fetal calf serum
(Gibco, Paisley, United Kingdom). After 6 days’ incubation at 37°C under a
5%-CO2 atmosphere, the plates were examined under the microscope and the
cytopathogenic effects were quantified, allowing calculation of the MPNCU (29).
The theoretical limits of detection in water and biofilm, assuming 100% recovery,
were 2.0 log MPNCU � liter�1 and �0.5 log MPNCU � cm�2, respectively.

(iv) Quantification of poliovirus genome by reverse transcription and qPCR.
One hundred forty microliters of sample (water, concentrate, or biofilm eluate)
was mixed with 560 �l of AVL lysis buffer (Qiamp viral RNA kit; Qiagen, Hilden,
Germany). The mix was pulse-vortexed and left for 10 min at room temperature.
The total volume was then homogenized through a QIAshredder column (Qia-
gen, Hilden, Germany) by centrifuging at 6,000 � g for 1 min. The filtrate was
transferred to a new 2-ml tube, and 560 �l of ethanol was added. Viral RNA was
further extracted using the Qiamp viral RNA kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Hence, 60 �l of final extracted
RNA solution was obtained. Each sample was analyzed undiluted and log diluted
(10 �l in 90 �l of TE buffer, consisting of 10 mM Tris-HCl at pH 8 and 1 mM
EDTA). The reverse transcription step was applied to 5 �l of extracted RNA (or
log-diluted extracted RNA) by adding it to a mix (TaqMan reverse transcription
reagents; Applied Biosystems, Branchburg, NJ) containing 1� TaqMan RT
buffer, 5.5 mM of MgCl2, 500 �M of each deoxynucleoside triphosphate, 2.5 �M
of random hexamers, 0.4 U � �l�1 of RNase inhibitor, 1.25 U � �l�1 of Multi-
scribe reverse transcriptase, and 0.1 �g � �l�1 of T4 gene 32. Reverse transcrip-
tion was performed in a Whatman Biometra thermocycler at 20°C for 10 min
followed by 42°C for 50 min. RNA-DNA hybrids were denatured, and reverse
transcriptase was inactivated by heating to 95°C for 5 min. The resulting cDNA
of the poliovirus genome was quantified by quantitative PCR (qPCR) using the
primers and probe described by Monpoeho et al. (30). The primers and probe,
unchanged from the original published method (except for the BHQ quencher),
were as follows: reverse primer Ev1 (5�-GATTGTCACCATAAGCAGC-3�),
forward primer Ev2 (5�-CCCCTGAATGCGGCTAATC-3�), and Ev-probe (5�-
FAM-CGGAACCGACTACTTTGGGTGTCCGT-BHQ-3�), all synthesized by
Eurogentec (San Diego, CA). For the qPCR step, 5 �l of cDNA was added to 20
�l of a mixture (Eurogentec, San Diego, CA) containing 1� reaction buffer, 500
nM of Ev1 primer, 400 nM of Ev2 primer, and 120 nM of Ev-P probe. The PCR
assay was performed in an ABI Prism 7500Fast real-time PCR system (Applied
Biosystems). The activity of the HotGoldStar DNA polymerase was released by
heating it to 95°C for 10 min. Samples were then submitted to 45 cycles (10 s at
95°C, 30 s at 55°C, and 15 s at 72°C). Real-time fluorescence was measured
during the extension step, every cycle at 55°C, and analyzed using the SDS v1.3.1
software (Applied Biosystems). TE dilution buffer and water were used as neg-
ative controls. A linear relationship was observed between the CT values (y) and
the numbers of infectious poliovirus over a 6-log concentration range (101 to 106

MPNCU � ml�1). The calculated linear regression (y � �3.49 x � 39.39; r2 �
0.998) was used to transform each CT value into PCR units.

(v) Quantification of total and culturable bacteria in wastewater biofilm. Total
bacteria were quantified after SYBR green staining. Briefly, 1 ml of log-diluted
biofilm suspension was mixed with 10 �l of 10� SYBR green I (Molecular
Probes, Eugene, OR). After 10 min in the dark, 100 �l of the suspension was
filtered on a 0.22-�m-pore-size polycarbonate filter (Millipore, Tullagreen, Ire-
land). After the filter was rinsed twice, the total bacteria were enumerated by
counting at least 30 random fields or 300 bacteria under blue excitation light at
magnification �1,000 using an epifluorescence microscope (DMRB; Leica,
Mannheim, Germany) equipped with an ocular grid. Heterotrophic plate count
bacteria and culturable thermotolerant coliforms were quantified in diluted
wastewater biofilm suspensions using plate count agar medium and m-FC me-
dium, respectively, according to standards ISO 6222 (19) and ISO 9308-1 (20).
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Statistical analysis. All statistical tests were performed using SigmaStat (ver-
sion 2.03; SPSS, Inc.).

RESULTS

Attachment to wastewater and drinking water biofilms. Vi-
ruses and parasites were detected in both drinking water and
wastewater biofilms (Fig. 1) 1 h after spiking with the initial
quantities given in Table 2. In the drinking water biofilm,
parasites and viruses were detected at concentrations of 1.52 �
0.10 (Giardia lamblia), 1.58 � 0.05 (Cryptosporidium parvum),
1.49 � 0.16 (infectious poliovirus), 1.74 � 0.17 (poliovirus
genome), 1.81 � 0.02 (�X174), and 2.04 � 0.15 (MS2) log
units � cm�2 (n � 2). In the wastewater biofilm, parasites and

viruses were detected at concentrations of 1.44 � 0.05 (Giardia
lamblia), 1.89 � 0.10 (Cryptosporidium parvum), 2.60 � 0.07
(infectious poliovirus), and 2.65 � 0.21 (poliovirus genome)
log units � cm�2 (n � 2). A difference in viral attachment was
observed between the two contrasting biofilms. Indeed, the
concentration of poliovirus was higher in the wastewater bio-
film than in the drinking water biofilm (Mann-Whitney test,
P 	 0.05). On the contrary, concentrations of parasites were
similar in the two biofilms (Mann-Whitney test, P 
 0.05). In
both the drinking water and the wastewater biofilms, most of
the attachment occurred within 1 h (Fig. 1).

Persistence in the drinking water biofilm. Persistence of
parasites and viruses in the drinking water biofilm was assessed

FIG. 1. Virus and parasite concentrations in wastewater biofilm (upper panel) and drinking water biofilm (lower panel) in log units per cm2

plotted against the time after spiking into the reactor (n � 2).
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during a 34-day monitoring period. Results are presented in
Fig. 2A. It is notable that draining operations were conducted
once a week (at days 3, 7, 14, 21, 28, and 35) in order to remove
unadsorbed particles. In the drinking water biofilm, infectious
viruses (poliovirus, �X174, and MS2) were detected until day
6 while the poliovirus genome could be detected until day 34.
Similarly, in the water control without biofilm (Fig. 3), no
infectious viruses could be detected after day 6 (�X174 and
MS2) or day 7 (infectious poliovirus) while the poliovirus ge-
nome was still detected at day 34. Parasites could be detected

in the drinking water biofilm from day 1 (1 h after the parasites
were spiked) to day 34 at concentrations that remained similar
during the time of the experiment. Indeed, after day 1, the
Giardia lamblia/Cryptosporidium parvum ratio remained con-
stant (average on raw data � 0.51 � 0.07; n � 5).

Between day 2 and day 34, viability of (oo)cysts attached
to the biofilm decreased from 96% to 56% and from 90% to
79% for Giardia lamblia and Cryptosporidium parvum, re-
spectively (Fig. 4). Similar results were observed in the wa-
ter control without biofilm (Fig. 4), where viability of (oo)-

FIG. 2. Evolution of virus and parasite concentrations in the drinking water biofilm (A) or corresponding water phase (B); all samples were
analyzed in duplicate except for parasites in the water phase, for which the total volume of the pilot was analyzed after concentration. Draining
operations consisted in rinsing the reactor with 50 liters of tap water (100 ml � min�1 for 8 h under laminar flow). �, at day 27 (in biofilm) or day
6 (in drinking water), quantification of parasites was not determined.
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cysts decreased from 98% to 57% and 93% to 76% between
day 2 and day 34 for Giardia lamblia and Cryptosporidium
parvum, respectively.

Detachment from the drinking water biofilm under laminar
regime. In addition to the biofilm monitoring, concentrations
of the parasites and viruses inoculated into the RAR were
monitored in the water phase of the reactor under the laminar
regime (Fig. 2B). Starting at day 3, draining operations were
performed at days 3, 7, 14, 21, 28, and 35 in order to remove
unadsorbed particles from the reactor and to assess the de-
tachment of parasites and viruses occurring between two drain-
ing steps from the biofilm to the water phase under the laminar

regime. All infectious viral particles could be detected in the
water phase until day 2, where the concentrations were 4.77,
3.57, and 2.76 log units � liter�1 for poliovirus, �X174, and
MS2, respectively. Immediately after each draining operation
(starting at day 3), concentrations of all infectious viruses were
below the detection limit in the water phase of the reactor
(data not shown). Thus, it can be considered that draining
operations successfully removed unadsorbed particles. Three
days later (day 6), infectious poliovirus and �X174 were again
detected at concentrations of 2.00 and 3.04 log units � liter�1,
respectively. After the second draining operation (at day 7), no
infectious viral particles could be detected in the water phase

FIG. 3. Concentrations of poliovirus (infectious and genome), infectious bacteriophages (�X174 and MS2), and viable parasites (Giardia
lamblia and Cryptosporidium parvum) in the drinking water control (without the presence of biofilm) plotted against time (n � 2, except for
bacteriophages, where n � 1).
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until the end of the experiment. In contrast, the poliovirus
genome was detected until day 13 in the water phase and could
not be detected afterward.

Giardia lamblia cysts and Cryptosporidium parvum oocysts
could be detected in the 50 liters of water obtained after each
draining operation. Detected parasites represent the number
of parasites released from the biofilm between two draining
operations. Both parasites were detected until day 34 in the
water phase. Concentrations decreased regularly from day 2
(4.38 and 4.35 log units � liter�1 for Giardia lamblia and Cryp-
tosporidium parvum, respectively) to day 34 (0.75 and 2.25 log
units � liter�1 for Giardia lamblia and Cryptosporidium parvum,
respectively).

Detachment from biofilms as a result of regimen change
from laminar to turbulent. Detachment of parasites and vi-
ruses from the two contrasting biofilms was assessed after a
turbulent regimen (380 rpm for 1 min) was applied. First,
during the drinking water experiment, a turbulent regimen was
applied at day 42 (1 week after the last draining operation,
which occurred at day 35). After the change in flow velocity,
the poliovirus genome, Giardia lamblia, and Cryptosporidium
parvum (oo)cysts were detected in the water phase at concen-
trations of 3.62, 5.11, and 5.26 log units � liter�1, respectively.
After the water phase (1 liter) has been centrifuged at 1,250 �
g for 15 min, poliovirus genome was detected in the superna-
tant at a concentration of 1.79 log PCR units � liter�1 and in
the pellet at a concentration of 3.62 log PCR units � liter�1.
None of the spiked infectious viruses (poliovirus, �X174, and
MS2) could be detected in the water phase either before or
after the turbulent regimen was applied. Notably, Giardia lam-
blia and Cryptosporidium parvum (oo)cysts were still detected
within the drinking water biofilm after the turbulent regimen at
concentrations of 1.30 and 1.90 log units � cm�2, respectively.

As with the drinking water experiment, a turbulent regimen
(380 rpm for 1 min) was applied during the wastewater exper-
iment. Table 3 presents the concentrations of parasites and
viruses in the water phase and in the biofilm before and after
the flow velocity was increased. Detachment varied from 64%

(poliovirus genome) to 88% (Giardia lamblia). It is interesting
to note that the genome with 64% of release underestimated
infectious poliovirus detachment (75%).

DISCUSSION

Our results support other studies showing that Cryptospo-
ridium oocysts (24, 41, 52) and viruses (42) are able to attach to
biofilms. In addition, this study demonstrates that Giardia lam-
blia cysts are able to attach and persist in a drinking water
biofilm. Concerning viruses, our results are in agreement with
those of Hock and Botzenhart (C. Hock and K. Botzenhart,
presented at the 3rd IWA World Water Congress, Melbourne,
Australia, 2002) who showed that infectious MS2, �X174, and
poliovirus type 1 were able to attach to drinking water biofilms
within 1 h. In their experiment, however, concentrations de-
creased in the biofilm after 24 h, but no information on chlo-
rine, which can enhance viral inactivation, was given. It can be
underlined that under our experimental conditions, the rate of
attachment of MS2 to the drinking water biofilm was higher
than the attachment rate of �X174 or poliovirus type 1, which
attached similarly. This observation could be explained by the
difference in surface properties for each virus. MS2 phage
exhibits an isoelectric point of 3.9, whereas �X174 and polio-
virus present higher isoelectric points of 6.8 and 6.6, respec-
tively (14, 16, 51). Giardia and Cryptosporidium exhibit low
isoelectric points of 2.2 to 3.6 and 2.2 to 3.9, respectively (11,
18, 34). MS2 phage and parasites both express a negative
charge at neutral pH. Nevertheless, parasites adsorbed signif-
icantly less than MS2 1 h after inoculation (difference � 0.5 log
unit � cm�2) but similarly after 24 h. Attachment of particles
depends not only on surface properties but also on their size.
The smallest particles may find adsorption sites more rapidly
on complex and irregular surfaces than larger ones.

The highest attachment rate for viruses and parasites oc-
curred within the first hour after inoculation regardless of the
nature of the biofilm. For instance, in the drinking water bio-
film, the lowest attachment of 1.49 log units � cm�2 was ob-

FIG. 4. Percentages of viable Giardia lamblia and Cryptosporidium parvum (oo)cysts in the drinking water control compared to those in the
drinking water biofilm at day 2 (24 h after parasite spiking day) and day 34 (n � 2).
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served after 1 h for infectious poliovirus. By comparison, the
maximum increase between 1 and 24 h was observed for Cryp-
tosporidium parvum, with an increase of 0.65 log unit � cm�2. It
can be noticed that for both viruses and parasites, the increase
in the concentration in the biofilms that occurred during the
first hour of the experiment was associated with a decrease in
the concentration in the water phase of the reactor, corrobo-
rating the transfer of viruses and parasites from the water to
the biofilm.

A slight difference in attachment between the two contrast-
ing biofilms was observed for poliovirus but not for parasites.
Indeed, poliovirus adsorption was higher with the wastewater
biofilm than with the drinking water biofilm, suggesting that
viral adsorption depends on the structure/composition of the
biofilm. Our wastewater biofilm may exhibit more voids and
cavities than our drinking water biofilm, offering larger adsorp-
tion sites for smaller particles like viruses (47). Conversely,
Giardia lamblia and Cryptosporidium parvum (oo)cysts attach
similarly to both biofilms. Their attachment may be less influ-
enced by the presence of voids and cavities due to their size
being larger than that of viruses. The concentration of infec-
tious viruses, including poliovirus, �X174, and MS2, decreased
in the drinking water biofilm, and no infectious particles could
be detected after day 6. Similarly, infectious viral particles
could not be detected in the water control after day 6 (�X174
and MS2) or day 7 (infectious poliovirus). It is worth under-
lining that under our dynamic conditions, the decrease in the
infectious virus concentration in the biofilm corresponds to
the cumulative effect of inactivation and detachment. Also, the
water control was analyzed daily, whereas the biofilm was an-
alyzed weekly due to the limitation in the number of coupons
available. The comparison of viral inactivation in the water and
in the biofilm is therefore problematic. Results published ear-
lier (41) showed that wastewater biofilms protect viruses from
inactivation. The level of viral protection of a biofilm may
depend on parameters such as the composition/thickness/
structure of the biofilm. Moreover, it is important to note that
a protective effect of biofilms has commonly been demon-
strated in the presence of antimicrobial agents (28, 45). Since
during our experiment, the chlorine concentration was below

the detection threshold (	0.02 mg � liter�1), it is not possible
to state whether the drinking water biofilm would have played
a protective role in the presence of disinfectants.

Infectious poliovirus could not be detected in the biofilm
after day 6, whereas the poliovirus genome was still detected at
day 34, corresponding to the last day of the monitoring period.
Our results are in agreement with those of Lehtola et al. (27),
who showed a high persistence of the canine calicivirus ge-
nome, used as a surrogate for noroviruses in a drinking water
biofilm. The authors detected the norovirus genome for 3
weeks, corresponding to the length of their experiment. How-
ever, our results show that only a part of the total virus abun-
dance (estimated on the basis of the genome quantification)
corresponds to infectious particles (15, 40). Since the genome
was detected much longer than infectious particles, especially
in biofilm, our results raise the question of the significance of
detecting viral genomes in drinking water biofilms for risk
assessment. According to our results, in biofilms, viral inacti-
vation seems to occur faster than the corresponding genome
degradation, suggesting that molecular techniques overesti-
mate the risk associated with the presence of infective parti-
cles. However, it cannot be excluded that deeply entrapped
infectious particles could not be eluted and therefore remained
undetectable by the culturing method. In order to test this
hypothesis, further investigations should be performed (e.g.,
testing different elution protocols in order to improve viral
recovery). As with the poliovirus genome, parasites were de-
tected within the drinking water biofilm during the whole ex-
periment. The evaluation of parasite persistence was based on
a viability assessment using the propidium iodide exclusion
technique. Viable (oo)cysts are considered to be potentially
infectious, though it is known that the dye exclusion technique
can overestimate the infectivity of Cryptosporidium oocysts as-
sessed by using cell culture (43). The propidium iodide tech-
nique thus gives only a rough estimate of infectivity. After 34
days, 56% and 79% of (oo)cysts are still viable in biofilm for
Giardia lamblia and Cryptosporidium parvum, respectively. At
day 34, the percentages of viable (oo)cysts are similar in the
biofilm and in the water control, suggesting that a similar
viability loss occurred. Thus, as with poliovirus, biofilm cannot

TABLE 3. Particle concentrations in wastewater biofilms and corresponding water phase before and after applying a turbulent regime for
1 min (from 30 to 380 rpm)

Microorganism Size

Concn in wastewater biofilm
(log units � cm�2)a:

% Detachmentb

Concn in water phase
(log units � liter�1)c:

Before turbulent
regimen

After turbulent
regimen

Before turbulent
regimen

After turbulent
regimen

Avg SD Avg SD Avg SD Avg SD

Giardia 10 �m 2.02 0.49 1.10 0.66 88 4.40 3.32 5.48 0.25
Cryptosporidium 5 �m 2.67 0.51 1.78 0.67 87 4.40 0 5.59 0.16
Total bacteria 1 �m 7.54 0.09 6.88 0.08 78 ND NA ND NA
Thermotolerant coliforms 1 �m 3.26 0.09 2.62 0.03 77 4.10 NA 5.93 NA
Heterotrophic plate

count bacteria
1 �m 5.80 0.04 5.22 0.03 74 7.85 NA 9.02 NA

Infectious poliovirus 30 nm 3.05 0.10 2.44 0.01 75 5.58 0.37 5.91 0.09
Poliovirus genome 3.21 0.16 2.77 0.19 64 5.57 0.10 6.26 0.27

a For average concentrations, n � 3.
b Percentages of detachment were calculated according to the following formula: % detachment � (1 � �10C after/10C before�) � 100, where “C after” and “C before”

are the concentrations in wastewater biofilms before and after the turbulent regimen.
c n � 2 for all parameters except for the heterotrophic plate count bacteria and thermotolerant coliforms, where n � 1. ND, not determined; NA, not applicable.
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be considered a shelter for these parasites. Moreover, our
results confirm that Cryptosporidium oocysts survive longer
than Giardia cysts (23, 33) in both water and biofilm. In the
drinking water experiment, viruses and parasites that were
detected in the water phase 1 week after each draining step
corresponded to those that were released from the biofilm
during this period. No infectious poliovirus or bacteriophages
could be detected just after the first draining step, while they
were detectable 1 week later, so that it is clear that a release of
infectious viruses from the biofilm occurred during this period.
Similarly, both parasites were detected in the water phase after
each draining step, corroborating the release of (oo)cysts from
the biofilm during the whole length of the experiment. The
concentration of released Cryptosporidium parvum oocysts
measured in the water phase was always higher than the con-
centration of Giardia lamblia cysts. This may be explained by
the higher concentration of Cryptosporidium parvum than of
Giardia lamblia in the biofilm. The viability of detached para-
sites was not assessed, since they underwent an additional
treatment (a concentration step using an Envirocheck car-
tridge followed by an elution and a concentration by centrifu-
gation) compared to the (oo)cysts obtained from the biofilm or
from the water control (for which only one concentration by
centrifugation was needed), which could have distorted the
results, making comparisons problematic. Nevertheless, con-
sidering that more than half of the (oo)cysts present in the
biofilm after 34 days were still viable, it is likely that part of the
released (oo)cysts were viable as well.

Our results confirmed that an increase in the flow rate from
the laminar to the turbulent regimen leads to a massive trans-
fer of viruses and parasites from the biofilm to the water phase.
For instance, during the drinking water experiment, no polio-
virus genome was detected in the water phase just before the
application of a turbulent regimen, while it was detected after.
In the wastewater experiment, the simultaneous increase in
bacterial concentrations (heterotrophic plate count bacteria
and thermotolerant coliforms) in the water phase combined
with the decrease in these bacterial concentrations in the bio-
film confirms the occurrence of sloughing events and suggests
that biofilm-associated viruses and parasites are simulta-
neously released.

This is in agreement with previous results showing a massive
detachment of biofilm after a turbulent regimen is applied (46,
49). Furthermore, the poliovirus genome concentration was 68
times higher in the pellet of the low-speed-centrifuged water
than in the supernatant, indicating that most of the poliovirus
genome was associated with pieces of biofilm able to settle at
a low centrifugation speed. Thus, viral particles may be re-
leased as single particles, but our results suggest that most of
the released viruses are associated with pieces of biofilm. No
poliovirus genome was detected in the drinking water biofilm
after the turbulent regimen, while conversely, Giardia lamblia
cysts and Cryptosporidium parvum oocysts were still detected.

In conclusion, this work supports other studies showing that
pathogenic viruses and parasites can attach to drinking water
biofilms. Though under our experimental conditions we have
not observed a protective effect of the drinking water biofilm
toward viruses and parasites, we confirm that attached viable
parasites and infectious viruses can be released from biofilms
either after a change in the flow velocity from laminar to

turbulent or under a laminar regimen for a long period of time.
Our work highlights that the detection of viral genome in
biofilm is not sufficient to assess a risk associated with the
presence of infectious particles. Our study also brings infor-
mation on Giardia lamblia cyst interactions with a drinking
water biofilm. Regarding the similar behaviors of parasites and
viruses toward two contrasting, complex matrices, our results
might represent a wide range of environmental biofilms. Mech-
anisms involved in pathogen-biofilm interactions should be
further investigated. Also, lower concentrations of pathogenic
viruses and parasites have to be tested in order to approach the
conditions that might occur in drinking water networks.
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